The Escherichia coli K-12 ydhY-T operon, coding for a predicted oxidoreductase complex, is activated under anaerobic conditions and repressed in the presence of nitrate or nitrite. Anaerobic activation is mediated by the transcription factor FNR, and nitrate/nitrite repression is mediated by NarXL and NarQP. In vitro transcription reactions revealed that the DNA upstream of ydhY-T contains sufficient information for RNA polymerase alone to initiate transcription from five locations. FNR severely inhibited synthesis of two of these transcripts (located upstream of, and within, the FNR binding site) and activated the FNR-dependent promoter previously identified in vivo. Enhanced expression of ydhY-T in an hns mutant was consistent with the location of ydhY-T within a promoter island and the FNR-independent transcription observed in vitro. FNRdependent transcription in vitro was decreased in the presence of NarL~P. DNaseI footprinting indicated that FNR and NarL~P simultaneously bound at the ydhY-T promoter region and that NarL~P-mediated repression was due to occupation of the 7-2-7 site located downstream of the FNR-dependent promoter. Expression of ydhY-T during the anaerobic growth cycle was repressed when nitrate was present but less so in the presence of nitrite. In vivo transcription measurements indicated that the alternative electron acceptors, DMSO and fumarate, could also lower ydhY-T expression, whereas trimethylamine-Noxide (TMAO) permitted high expression. Therefore, expression of ydhY-T is subject to complex regulation in response to electron acceptor availability that involves at least three transcription factors, FNR (anaerobic activation), NarL~P (nitrate repression) and H-NS (repression in the absence of an antagonist; e.g. FNR).
INTRODUCTION
The model bacterium Escherichia coli is a metabolically versatile facultative anaerobe that is capable of respiratory growth when suitable electron acceptors are available, or fermentative growth in the presence of a suitable substrate, such as glucose. The preferred electron acceptor is molecular oxygen, but in anaerobic environments that contain alternative electron acceptors, such as nitrate, nitrite, fumarate, trimethylamine-N-oxide (TMAO) or DMSO, E. coli has the capacity for respiratory growth [1] . However, a hierarchy exists amongst the alternative electron acceptors such that oxygen is preferred to nitrate, which in turn is preferred to nitrite, which is preferred to the organic electron acceptors [2] . This metabolic hierarchy is maintained by the action of four major transcription factors (ArcBA, FNR, NarXL and NarPQ) that control the expression of numerous genes associated with each metabolic mode [1, 3] .
The absence of oxygen is perceived by the transcription factor FNR (reviewed by [4] ). The main role of FNR is to activate expression of genes required for growth under anaerobic conditions. Hence, FNR activates expression of genes coding for proteins involved in fermentation and anaerobic respiratory pathways, including those genes required for fumarate and nitrate respiration, from which the FNR designation is derived (fumarate and nitrate reduction regulator) [5] . In addition to FNR regulation, many genes associated with anaerobic respiration are controlled by the NarXL and NarPQ two-component systems to ensure that the most energetically efficient anaerobic metabolic mode is utilized [3] . These two-component systems are composed of the response regulator proteins NarL and NarP, which belong to the LuxR/UhpA family [6] and their corresponding sensors, NarX and NarQ [7] [8] [9] .
Phosphorylation of NarL (NarL~P) and NarP (NarP~P) by the nitrate sensor NarX or the nitrite sensor NarQ, results in their activation. In the absence of nitrate and nitrite, NarL~P and NarP~P are dephosphorylated by the action of NarX and NarQ [10, 11] . The dephosphorylation reactions are specific, that is, NarL~P and NarP~P are only desphosphorylated by their cognate sensors NarX and NarQ, respectively. In the presence of nitrate, both sensors phosphorylate NarL and NarP, but in the presence of nitrite, NarX functions primarily as a phosphatase for NarL~P [12] [13] [14] . Thus, NarL mainly serves as a nitrate regulator and is only weakly phosphorylated in the presence of nitrite, whereas NarP serves as a nitrite regulator [12] . Upon phosphorylation, the regulators undergo conformational changes such that they can recognize a heptameric DNA sequence related to the consensus TACYYMT (where Y=C or T and M=A or C) to mediate activation or repression of target gene expression [15] . However, NarL~P and NarP~P differ in their DNA recognition properties, whereas NarL binds all TACYYMT sequences and NarP only recognizes these heptamers when present as an inverted repeat with a 2 bp spacing, known as a 7-2-7 arrangement [15, 16] .
The interplay between FNR, NarL~P and NarP~P maintains the central metabolic hierarchy of E. coli described above. Thus, under anaerobic conditions in the presence of nitrate and fumarate, NarL~P greatly enhances expression of the FNR-activated nitrate reductase operon, narGHJI, but represses expression of the FNR-activated fumarate reductase operon, frdABCD [17] . Conversely, in the absence of nitrate, NarL is not activated and expression of narGHJI is decreased, whereas expression of frdABCD is increased [17] .
The FNR-activated, NarL~P/NarP~P-repressed, ydhYVW-XUT (ydhY-T) operon codes for six proteins that are thought to be part of, or contribute to the assembly of, a membrane-associated oxidoreductase [18] . Four of the six proteins coded by the ydhY-T operon are predicted to be redox proteins. YdhY resembles [4Fe-4S] ferredoxins, YdhV is similar to members of the aldehyde ferredoxin oxidoreductase family of molybdoproteins, YdhX is a periplasmic iron-sulfur protein and YdhU is likely to be a cytochrome b-containing integral membrane protein [18] . YdhW and YdhT are proteins of unknown function that could be involved in assembling the YdhYVXU oxidoreductase system. Thus, the regulation of ydhY-T expression and putative functions of the corresponding proteins suggest a role in anaerobic electron transfer in the absence of nitrate/nitrite.
Previous work identified the FNR-dependent ydhY-T transcript start, the location of the FNR site (at À42.5 relative to the transcript start) and demonstrated binding of NarL~P and NarP~P to a 7-2-7 site consisting of heptamers centred at +6 and +15 [18] . In addition, analysis of the DNA sequence of the ydhY-T promoter region indicated the presence of two other heptameric sequences similar to NarL~P binding sites centered at À42 (overlapping the FNR site) and À16 (located between the core promoter elements) (Fig. 1) . Mutagenesis studies suggested that these additional sites might play a role in ydhY-T repression by allowing NarL~P to sterically hinder FNR and RNA polymerase binding at the promoter region, but these data had to be interpreted with caution because mutation of these sites could also affect recognition by FNR and RNA polymerase as well as the intended target, NarL~P [18] . Hence, several questions concerning the regulation of the ydhY-T operon remain, including: (i) what is the effect of FNR on the location of RNA polymerase at the ydhY-T promoter; (ii) does NarL~P recognize the potential binding sites at À42 and À16; (iii) is FNR binding inhibited by NarL~P; (iv) what is the pattern of ydhY-T expression and nitrate/nitrite utilization by E. coli during the anaerobic growth cycle; and (v) does the presence of other alternative electron acceptors alter ydhY-T expression? Experiments to address these questions reveal further details of the FNR-and Narl~P-mediated regulation of ydhY-T in the presence of alternative electron acceptors.
METHODS

Bacterial strains and growth conditions
The bacterial strains and plasmids used in this work are listed in Table 1 . Liquid cultures of E. coli were grown in Luria broth or Evans minimal medium supplemented with leucine (36 µg ml À1 ) [19, 20] . Where indicated, the alternative electron acceptors nitrate, nitrite, DMSO, fumarate or TMAO, and/or the non-fermentable carbon source glycerol [4 % (v/v)], and/or ampicillin (100-200 µg ml À1 ) were added to the growth medium. Cultures were maintained on Luria broth agar plates [20] . For measurement of bgalactosidase activity in the presence of different electron acceptors, Luria broth or supplemented Evans minimal medium, containing appropriate antibiotics, were inoculated (1 : 50) from an overnight starter culture and incubated under aerobic (250 ml conical flasks containing 10 ml medium shaken at 250 r.p.m.) or anaerobic (closed bottles filled up to capacity) conditions at 37 C for the indicated time intervals or until cultures reached OD 600 0.4-0.6. For analysis of expression in an hns mutant, cultures of E. coli JRG6860 and JRG6861 (hns) which carry the ydhY reporter plasmid, pGS1739 (Table 1) , were grown for 16 h at 37 C under the indicated conditions in M9 minimal medium supplemented with glucose [0.2 % (w/v)], ampicillin (100 µg ml À1 ), streptomycin (25 µg ml
À1
) and, for the hns mutant, chloramphenicol (25 µg ml À1 ). b-Galactosidase activities were estimated by the method of Miller [21] . For nitrite determination, aliquots (1 ml) of culture medium were collected, clarified and analysed according to the Griess reaction protocol [22] .
Protein preparation FNR* was overproduced as a GST-FNR* fusion in E. coli JRG4078 ( Table 1 ). The cultures were typically grown in Luria broth (500 ml) containing ampicillin in 2 l conical flasks at 37 C with shaking at 250 r.p.m. When the OD 600 of the culture reached 0.4-0.6, expression of GST-FNR* was induced by addition of 0.5 mM IPTG (final concentration) and incubation was continued for a further 3 h. The bacteria were collected by centrifugation for 10 min at 18 500 g at 4
C, and the cell pellet was stored at À20 C until used. Cell pellets from 1 l of culture were re-suspended in 7.5 ml of extraction buffer (20 mM Tris-HCl, pH 8.0; 2.5 mM CaCl 2 ; 100 mM NaCl; 100 mM NaNO 3 ; 1 mM benzamidine; 0.1 mM phenylmethylsulfonyl fluoride) and were passed through a French pressure cell three times. The cell extract was clarified by centrifugation for 20 min at 40 000 g at 4 C and stored at À20 C. Cell-free extract (2 ml) was thawed and applied to a GSH-Sepharose (2 ml) chromatography column (GE Healthcare) pre-equilibrated with column buffer (20 mM Tris-HCl, pH 7.4; 10 mM NaCl; 2.5 mM CaCl 2 ; 1 mM EDTA, pH 8.0; 10 mM b-mercaptoethanol).
The loaded column was washed with~50 ml of column buffer. The FNR* protein was released from the matrix by incubation with 10 units of thrombin (Sigma) in 1 ml column buffer at room temperature for 16 h. The FNR* protein was eluted in 10 fractions (1 ml) by applying column buffer to the resin, and the fractions were stored at À20 C.
NarL was overproduced as an MBP-NarL fusion in E. coli JRG6437 (Table 1) . Cultures were grown, bacteria collected and cell pellets stored as described above for E. coli JRG4078, except that expression of the target protein was induced by addition of 0.3 mM IPTG (final concentration). Cell-free extracts were produced by re-suspending the bacterial pellets from 1 l of culture in 15 ml of extraction buffer (20 mM Tris-HCl, pH 7.4; 100 mM NaCl; 1 mM EDTA, pH 8.0; 10 mM b-mercaptoethanol) followed by two passages through a French pressure cell. The extracts were clarified by centrifugation for 20 min at 40 000 g at 4 C and stored at À20
C. An amylose resin chromatography column (New England Biolabs) pre-equilibrated with column buffer (see above) was loaded with an equal volume of cell-free extract containing the MBP-NarL fusion protein. After washing with~50 ml of column buffer, the fusion protein was eluted as 10 fractions (1 ml) by applying column buffer containing 10 mM maltose. The purified protein was stored at À20 C. Before use, MBP-NarL was phosphorylated (NarL~P) by incubation with 50 mM acetyl phosphate for 45 min at 37 C.
DNA preparation
DNA was isolated and prepared by conventional methods [20] . The ydhY-T promoter region (PydhY-T, À189 to +176 relative to the anaerobic transcription start mapped in vivo [18] ) was amplified from the chromosome of E. coli W3110 by PCR using oligonucleotide primers with flanking EcoRI (forward primer) and BamHI (reverse primer) restriction sites. The authenticity of the amplified fragment was confirmed by DNA sequencing after ligation into EcoRI/BamHI-digested pUC19 to create pGS2272.
Electrophoretic mobility shift assays (EMSAs)
The PydhY-T fragment, released as an EcoRI-BamHI fragment from pGS2272, was purified using a QIAquick PCR Purification Kit (QIAGEN) and end-labelled with [a- À1 bovine serum albumin and 10 mM dithiothretitol] were prepared. Different amounts of FNR* (FNR-D154A), an FNR protein that remains able to bind the target DNA under aerobic conditions [23] , and/or NarL~P were added and incubated for 10-15 min at room temperature. Note that NarL~P was added as an MBP fusion protein (see above). Two microlitres of 5Â loading buffer [125 mM Tris-HCl, pH 7.4; 20 % (v/v) glycerol; 0.1 % (v/v) bromophenol blue] were added directly to the samples before loading onto a pre-run 6 % (w/v) Tris/ borate/EDTA-buffered polyacrylamide gel. Nucleoprotein complex separation was achieved by electrophoresis at 30 mA constant current for 30 min. The gel was transferred onto filter paper (3 MM, Whatman) and dried at 80 C under vacuum for 30 min before visualization by autoradiography.
DNase I footprinting
The PydhY-T fragment was end-labelled as described above for EMSAs. Reactions (10 µl) consisted of:~60 ng radiolabelled DNA and FNR* (5 µM) and NarL~P (3 µM) in binding buffer (see EMSAs above). The mixtures were incubated for 10-15 min at room temperature, before addition of 10 mM CaCl 2 and 0.25-1 U of DNase I for 15-60 s. The reactions were stopped with 1 µl 0.5 M EDTA (pH 8.0). The DNA was purified by phenol extraction and ethanol precipitation [20] The samples were incubated at 90 C for 30 s and 5 µl of each sample was loaded onto pre-run Tris/borate/EDTAbuffered 6 % (w/v) polyacrylamide-urea gels. The gels were calibrated using Maxam and Gilbert G tracks [24] . After electrophoresis at 50 W for~3.5 h, the gel was transferred onto a filter paper (3 MM, Whatman) and dried at 80 C under vacuum for 2 h before visualization by autoradiography.
In vitro transcription reactions
Reactions contained:~0.2 pmole of the EcoRI-BamHI PydhY-T fragment from pGS2272, 1 µl (1 U) of E. coli RNA polymerase (Cambio), 1 µl (40 U) of RiboLock RNase inhibitor (Fermentas) and the indicated concentrations of FNR* and NarL~P. The mixtures were incubated for 10 min at room temperature in transcription buffer (40 mM Tris-HCl, pH 8.0; 10 mM MgCl 2 ; 0.1 mM EDTA; 1 mM DTT; and 0.25 mg ml À1 bovine serum albumin) in a total volume of 10.5 µl. An NTP mix (2 µl), consisting 1.2 mM ATP, 1.2 mM CTP, 1.2 mM GTP, 0.06 mM UTP and (a- . Aliquots (10 µl) were loaded onto a pre-run 6 % (w/v) polyacrylamide-urea gel (see above). After electrophoresis (50 W for~2.5 h), the gel was transferred onto a filter paper (3 MM, Whatman) and dried at 80 C under vacuum for 2 h before visualization by autoradiography.
RESULTS AND DISCUSSION
In vitro transcription reveals six transcripts that initiate upstream of ydhY-T A 365 bp DNA fragment of the ydhZ-ydhY-T intergenic region from À189 to +176 (PydhY-T), relative to the previously mapped in vivo anaerobic transcript start for the ydhY-T operon, was used as the template for in vitro transcription reactions in the absence or presence of FNR* (an oxygen-insensitive form of FNR capable of transcription activation under aerobic conditions) and NarL~P. When incubated with E. coli RNA polymerase in the absence of any transcription factors, five transcripts were detected (T1, T2, T3, T5 and T6; Figs 1 and 2, lane 1) . It was notable that these five did not include the 165 nt transcript that was previously detected by RACE-PCR of RNA isolated from anaerobic E. coli cultures [18] . However, this FNR-dependent transcript (T4) was the major transcript detected in vitro when FNR* was included in the reactions (Fig. 2, lane  2) . It is noteworthy that the ydhZ-ydhY-T intergenic region was identified as one of 78 promoter islands in E. coli K-12 [25] . Promoter islands are regions of the chromosome with unusually large numbers of potential transcription start points. Under laboratory conditions, RNA polymerase is able to form open complexes at the multiple promoters within the islands, but these often result in the generation of short RNA products, suggesting that transcription is suppressed [25] . Transcriptional repression within promoter islands is proposed to be mediated by the nucleoid-organizing protein H-NS, and the ydhZ-ydhY-T intergenic region has been shown to be occupied by H-NS in several studies [26] [27] [28] [29] . Consistent with this view, expression of ydhY-T was enhanced in an hns mutant (Fig. 2b) . Thus, under environmental conditions in which H-NS is suppressed, such as when the H-NS antagonist SlyA is expressed [30] , the FNRindependent transcript starts identified here could permit ydhY-T expression.
Promoter prediction tools ( [31, 32] ; www.fruitfly.org/seq_ tools/promoter.html; http://linux1.softberry.com/berry. phtml?topic=bprom&group=programs&subgroup=gfindb) identified putative promoters that could account for the sizes of five (T1, T2, T3, T4 and T6) of the six ydhY-T transcripts ( Fig. 2 ; potential À10 elements are underlined in Fig. 1 ). The~220 nt transcript (T3), which was produced in the presence of RNA polymerase alone, was severely repressed in the presence of FNR* (Fig. 2, lane 2) . Based on the promoter predictions, the transcript start for T3 is located at the G base within the core TTGAT half-site of the ydhY-T FNR box (Fig. 1) . Thus, the observed repression of T3 by FNR* would be expected on the basis of promoter occlusion. In contrast, there was little effect on the other transcripts (T1, T5 and T6) upon addition of FNR (Fig. 2,  lane 2) . Hence, it is concluded that, at least in vitro and possibly in the presence of an H-NS antagonist in vivo, FNR redistributes RNA polymerase interacting with this region of DNA by shutting down upstream FNR-independent ydhY-T promoters (responsible for T2 and T3) and activating a downstream FNR-dependent promoter (T4). As expected from previous in vivo studies [18] , addition of NarL~P resulted in decreased synthesis of the FNR-dependent transcript T4, confirming that NarL~P is a repressor of FNR-dependent ydhY-T expression (Fig. 2, lanes 3-6) ; NarL~P also lowered the abundances of transcripts T5 and T6. In contrast, the T1 and T2 transcripts were essentially unaffected by NarL~P in the presence of FNR*, demonstrating the specificity of the repression (Fig. 2) . In summary, the in vitro and in vivo transcription data suggest that the DNA sequence upstream of the ydhY-T operon contains sufficient information to allow s 70 -RNA polymerase to initiate transcription from at least six locations, but this capacity is constrained by the action of the transcription factors FNR, NarL~P and H-NS.
NarL~P occupies the 7-2-7 site of the ydhY-T promoter region Previously, DNaseI footprinting experiments of the ydhY-T promoter region (PydhY-T) showed NarL~P protection of a region including a 7-2-7 site centred at +10 relative to the start site for the FNR-dependent transcript ( [18] ; T4, Fig. 1 ). On the basis of DNA sequence similarity and mutagenesis experiments, other possible heptameric NarL~P sites were suggested to be located at À16 and À42 (open arrows in Fig. 1; [18] ). Here, further DNase I footprinting analyses of the PydhY-T:NarL~P complex confirmed binding at the 7-2-7 site (Fig. 3a, lane 2) . Two hypersensitive sites at À26 and +9 were detected, but there was no evidence for occupation of the potential NarL~P heptamers centred at À16 and À42 (open arrows in Figs 1  and 3a, lane 2) .
The PydhY-T:FNR*complex was characterized by protection of the region between À59 and À30 relative to the transcript start including the consensus FNR-binding site, along with an altered downstream DNaseI digestion pattern (À30 to À20) (Fig. 3a, lane 4) . Footprints with both FNR* and NarL~P at PydhY-T showed that simultaneous occupation of the promoter was possible (Fig. 3a, lane 5) . The absence of the hypersensitive sites at À26 and +9, associated with NarL~P binding, when both FNR* and NarL~P were present suggested that the conformations of the binary and ternary nucleoprotein complexes differed. The possibility of simultaneous occupation of the FNR* and 7-2-7 sites was supported by EMSAs, which showed a 'supershift' when the PydhY-T :NarL~P complex (Fig. 3b, lane 2) was titrated with FNR* (Fig. 3b, lanes 3-7) , rather than displacement of NarL~P, which would have resulted in the higher mobility PydhY-T:FNR* complex (Fig. 3b, lane 8) .
Nitrate is more effective than nitrite as an inhibitor of ydhY-T expression Cultures of E. coli JRG5611 (Table 1) were grown under anaerobic conditions in the absence or presence of nitrate or nitrite (0-20 mM) to determine the concentrations that resulted in significant repression of ydhY-T expression. Cultures with an initial concentration of 5 mM nitrate exhibited~7.3-fold lower expression of ydhY-T, whereas 5 mM nitrite resulted in a~1.7-fold decrease and even 20 mM nitrite resulted in only a~fourfold decrease (Fig. 4a) . It was concluded that nitrate is a more effective repressor of ydhY-T expression than nitrite. However, during nitrate respiration, nitrite is produced, mainly by the action of the nitrate reductase, NarGHI [33, 34] . Thus, in the presence of nitrate, accumulation of nitrite could trigger activation of NarQ/P, which may account for the enhanced repression mediated by nitrate, i.e. both NarL and NarP are active during nitrate respiration. Thus, anaerobic cultures of wild-type (E. coli JRG5086) and the narG mutant strain (E. coli JRG6331), both transformed with pGS1739 (ydhYlacZ), were grown at 37 C until the OD 600 reached 0.4-0.6 in the presence of 1 mM (initial concentration) nitrate, at which point b-galactosidase activities were measured. The data showed that compared to the wild-type (2327 ±165 Miller units), ydhY-lacZ expression was lower in the narG mutant (1555±35 Miller units). Thus, ydhY-T expression was greater in wild-type cultures than narG cultures. This suggests that the enhanced repression of ydhY-T expression afforded by the presence of nitrate is due to activation of NarL, which is sustained in the narG mutant, and is not due to activation of both NarL and NarP as a consequence of reduction of nitrate to nitrite, because this conversion, which occurs in the wild-type, partially relieves the repression of ydhY-T expression.
The expression of ydhY-lacZ and production of nitrite were measured during the anaerobic growth cycle of E. coli JRG5611 in medium containing nitrate (~5 mM). After a~1 h lag, the bacteria grew at a rate of 0.36 OD 600 units h À1 up to the 3 h time-point (Fig. 4b) . During this period nitrite accumulated, as a consequence of the reduction of nitrate, to a maximum concentration of~5.8 mM. Also during this phase of the growth cycle, ydhY-lacZ expression was relatively constant and low, indicating severe repression as long as nitrate was available. However, once the nitrate had been utilized, as indicated by no further increase in nitrite accumulation and a decrease in growth rate to 0.055 OD 600 units h
À1
, ydhY-lacZ expression increased over a period of 2 h to 398±23 Miller units (Fig. 4b) , which was~25 % of the maximum value (1518±24 Miller units) obtained for equivalent cultures lacking nitrate. After~6 h of culturing, the nitrite concentration in the medium began to fall, presumably due to the onset of nitrite respiratory growth (induction of nrf operon) and/or the detoxification of nitrite by non-respiratory nitrite reductase (nir operon).
In contrast to the severe repression mediated by nitrate, cultures grown in the presence of nitrite expressed ydhY-T during the first 4 h of the anaerobic growth cycle, before reaching a plateau at~750 Miller units (Fig. 4c) . During this 4 h period nitrite was consumed (Fig. 4c) . Thus, when the concentration of nitrite was greatest, ydhY-T was expressed. The simplest explanation for this observation, the lower expression of ydhY-T in a nar mutant and expression levels in a narXL, narQP double mutant [18] is that nitrite, and hence NarP, despite its ability to recognize the 7-2-7 site in vitro [18] , is not a major regulator of ydhY-T expression in vivo.
Expression of ydhY-T is repressed by the electron acceptors oxygen, nitrate, nitrite, DMSO and fumarate but not by TMAO The data described above indicate that expression of ydhY-T in E. coli is repressed by the presence of the preferred electron acceptor, oxygen, and also by nitrate and to a lesser extent nitrite under anaerobic conditions. To investigate the effect of other alternative electron acceptors on ydhY-T expression, E. coli MC1000 was transformed with the ydhYlacZ reporter plasmid pGS1739 (Table 1) . Cultures were grown at 37 C under anaerobic conditions in minimal medium supplied with the non-fermentable carbon source glycerol [4 % (v/v) ], leucine (36 µg ml À1 ), and either nitrate (40 mM), DMSO (40 mM), fumarate (40 mM) or TMAO (40 mM) as the electron acceptor. Control cultures grown under anaerobic fermentative or aerobic respiratory conditions were also analysed. b-Galactosidase measurements indicated that expression of ydhY-T was greatest under anaerobic fermentative conditions and in the presence of TMAO, lower when the medium was supplemented with fumarate, lower still in the presence of DMSO or oxygen and lowest in the presence of nitrate (Fig. 5) . Thus, the predicted oxidoreductase coded by the ydhY-T operon is suggested to sit at the lower end of the regulatory hierarchy that controls the expression alternative respiratory chains in E. coli [2] . Moreover, based on the standard redox potential for TMAO (+120-140 mV), which sits between that of DMSO (+160 mV) and fumarate (+30 mV), it might be expected that expression of ydhY-T would also have been repressed in the presence of TMAO. As this was not the case, it might suggest the involvement of another as yet unknown regulator (perhaps an H-NS antagonist that is active in the presence of TMAO; see above) of ydhY-T expression.
Conclusion
The new experimental data presented suggest a revised model for regulation of ydhY-T expression (Fig. 6a) . In the absence of other chromosomal organising proteins and transcription regulators, the DNA sequence in the ydhY-T promoter region contains sufficient information to allow RNA polymerase to initiate transcription from at least five locations. It is notable that the ydhZ-ydhY-T intergenic region is a promoter island that is silenced by H-NS [25] [26] [27] [28] [29] . It is tempting to speculate that at least some of the FNR-independent ydhY-T transcript starts observed in vitro could, in the presence of an H-NS antagonist, be active in vivo. This possibility is consistent with enhanced ydhY-T expression in an hns mutant strain (Fig. 2b) and upon overexpression of the H-NS antagonist SlyA [30] . Under anaerobic conditions, FNR is activated and binds to the consensus FNR-site in the ydhY-T promoter region. Binding of FNR recruits RNA polymerase from alternative upstream promoters (T2 and T3, Fig. 3 ) to the FNR-dependent promoter located 165 bp upstream of the translational start codon of ydhY (T4, Fig. 3 ) and activates transcription; the presence of FNR did not affect the abundance of the T1 transcript, suggesting that it could account for FNR-independent expression of ydhY-T (~10 % of the total expression; [18] ). The ability of FNR to promote synthesis of the T4 transcript is inhibited by NarL~P in response to nitrate availability; binding of NarL~P at the ydhY-T promoter region did not alter the abundance of the T1 or T2 transcripts (Figs 1  and 2 ). When bacterial cultures were exposed to equivalent concentrations of nitrate or nitrite, expression of ydhY-T was greater for the latter (Fig. 4a) . It had been previously suggested that nitrate is a more effective repressor of ydhY-T expression because, as well as the 7-2-7 site located close to the transcription start, it could occupy potential heptameric binding sites overlapping the FNR box (À42) and between the core promoter elements (À16) that NarP~P could not recognize; NarP~P only interacts with 7-2-7 sites ( [15, 18] ; Fig. 1 ). However, footprinting indicated that NarL~P likely acts only through the 7-2-7 site. These data are consistent with a regulatory model in which, under standard laboratory conditions, aerobic expression of ydhY-T is repressed by H-NS (Fig. 6a) . Expression of an H-NS antagonist permits aerobic ydhY-T expression from FNR-independent promoters associated with transcripts T1, T2, T3 and T6 detected in vitro. Under anaerobic conditions these promoters are inhibited by FNR binding and the FNR-dependent promoter, previously identified in vivo, is activated (T4 in Figs 1 and 2) , partially overcoming H-NS-mediated repression. In the presence of nitrate, NarL~P binds at the 7-2-7 site located just downstream of the T4 transcript start . This FNR-mediated activation partially overcomes any H-NS-mediated repression. In the presence of nitrate, NarL is activated (NarL~P; filled squares) and binds at the 7-2-7 site to repress FNR-dependent ydhY-T expression. (b) Schematic showing the position of ydhY-T in the regulatory hierarchy of alternative electron acceptors. Glycerol fi electron acceptor represents alternative respiratory chains. The preferred electron acceptor, molecular oxygen (reduced to water by terminal oxidases), heads the hierarchy and represses the expression of the alternative terminal reductases (represented by the grey bars (?) between the alternative respiratory chains). In the absence of oxygen, nitrate is the preferred electron acceptor (reduced to nitrite by nitrate reductase) and it represses the expression of reductases for alternative electron acceptors (DMSO and fumarate reductases). The substrate for YdhYVXU is unknown (?) but oxygen, nitrate, nitrite, DMSO and fumarate repress ydhY-T expression, indicating that its activity stands below these electron acceptors in the hierarchy. Additional details of the model are provided in the text.
resulting in repression of the FNR-dependent promoter (Fig. 6a) . Experiments in which the effects of electron acceptors other than oxygen and nitrate on ydhY-T expression were measured revealed a further layer of regulation in which the presence of nitrite, DMSO and fumarate, but not TMAO, resulted in at least partial repression (Fig. 6b) . In conclusion, the evidence suggests that expression of ydhY-T is subject to complex regulation in response to electron acceptor availability, resulting in low expression in the presence of oxygen, nitrate, nitrite, DMSO or fumarate, placing the hitherto unknown substrate for YdhYVXU oxidoreductase as one of the less preferred electron acceptors for growth of E. coli.
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